Permafrost presence is determined by a complex interaction of climatic, topographic, 16 and ecological conditions operating over long time scales. In particular, vegetation and organic 17 layer characteristics may act to protect permafrost in regions with a mean annual air temperature 18 (MAAT) above 0 °C. In this study, we document the presence of residual permafrost plateaus on 19 the western Kenai Peninsula lowlands of southcentral Alaska, a region with a MAAT of 1.5±1 20 °C (1981 to 2010). Continuous ground temperature measurements between 16 September 2012 21 and 15 September 2015, using calibrated thermistor strings, documented the presence of warm 22 permafrost (-0.04 to -0.08 °C). Field measurements (probing) on several plateau features during 23 the fall of 2015 showed that the depth to the permafrost table averaged 1.48 m but was as 24 shallow as 0.53 m. Late winter surveys (drilling, coring, and GPR) in 2016 showed that the 25 average seasonally frozen ground thickness was 0.45 m, overlying a talik above the permafrost 26 table. Measured permafrost thickness ranged from 0.33 to > 6.90 m. Manual interpretation of 27 historic aerial photography acquired in 1950 indicates that residual permafrost plateaus covered 28 920 ha as mapped across portions of four wetland complexes encompassing 4,810 ha. However, 29 2 between 1950 and ca. 2010, permafrost plateau extent decreased by 60 %, with lateral feature 30 degradation accounting for 85 % of the reduction in area. Permafrost loss on the Kenai 31 Peninsula is likely associated with a warming climate, wildfires that remove the protective forest 32 and organic layer cover, groundwater flow at depth, and lateral heat transfer from wetland 33 surface waters in the summer. Better understanding the resilience and vulnerability of 34 ecosystem-protected permafrost is critical for mapping and predicting future permafrost extent 35 and degradation across all permafrost regions that are currently warming. Further work should 36 focus on reconstructing permafrost history in southcentral Alaska as well as additional 37 contemporary observations of these ecosystem-protected permafrost sites lying south of the 38 regions with relatively stable permafrost.
ground surface has been elevated above the regional water table. We suspected these features 146 were associated with a volumetric expansion of freezing peat, forming a permafrost plateau, an 147 elevated permafrost feature associated with frost heave (Zoltai, 1972) . These features are the 148 focus of our studies on the Kenai Peninsula. 149 3 Methods 150 In September 2012, we conducted field studies at a number of black spruce plateaus located 151 within herbaceous wetland complexes (Fig. 3) . These studies documented frozen ground below 152 an unfrozen layer with thicknesses ranging from 0.49 to >1.00 m. The plateau features tended to 153 have sharply defined scalloped edges, marginal thermokarst moats, and collapse-scar depressions 154 on their summits (Fig. 3) . These traits were characteristic of the permafrost features described 155 by Hopkins et al. (1955) on the Kenai Peninsula and similar to permafrost plateaus across colder 156 boreal regions (Zoltai, 1972; Thie, 1974; Jorgenson et al., 2001; Camill, 2005; Sannel et al., 157 2015 ). To answer whether the frozen ground deposits encountered at the black spruce plateaus 158 were indeed permafrost, we collected continuous ground temperature measurements for three 159 years, measured late-summer thaw depths, mechanically drilled and cored for the base of the 160 frozen ground, imaged the subsurface with ground-penetrating radar (GPR), and analysed a time 161 series of high-resolution remotely sensed imagery. We describe these research efforts in more 162 detail below. 163 164 To confirm the presence or absence of permafrost, we installed data loggers on 12 September 165 2012 at one ground temperature monitoring site in the Browns Lake and three in the Watson 166 Lake area (Fig. 1 ). We used a 5-cm diameter Kovacs Enterprise ice auger to drill the boreholes and cased the holes with a 4.5 cm outer-diameter PVC tube from the base of the borehole to 168 within 10 cm of the surface. We instrumented each site with a 4-channel Hobo data logger 169 (Onset U12-008) buried below the ground surface (bgs). The data loggers recorded hourly 170 ground temperature at four depths from 0.10 m to 3.00 m bgs using Hobo TMC1-HD and 171 TMC2-HD thermistors ( Table 1 ). The manufacturer-specified accuracy of the thermistors is +/-172 0.25 °C. Prior to deployment, we placed the data logger thermistors in a 0 °C ice bath for up to 173 45 minutes to estimate a calibration factor for post-processing of the data following download in 174 the field. This calibration increased the accuracy of the ground temperature data to better than 175 +/-0.05 °C on average and is similar to improvements recorded for other measurement systems 176 (Sannel et al., 2015; Cable et al., 2016) . We post-processed all data prior to summarizing the 177 hourly ground temperature data into daily, monthly, and annual means. 178 Additional field surveys at each study site provided information on the geometry of the 179 frozen ground distribution and deposit types. We used a tile probe to measure the depth to 180 frozen sediments at each ground temperature monitoring location in mid-September 2015 181 (limited to 2.2 m bgs). At the two forested plateaus in the Watson Lake wetland complex, we 182 selected tile probing locations randomly and split between hummock and depression 183 microtopography. At the Browns Lake site, we recorded this depth at three points every meter 184 along a 100 m transect across the plateau feature. In addition, we collected a topographic profile 185 of the primary Browns Lake plateau using a Leica survey-grade differential GPS (dGPS) system 186 (+/-0.02 m vertical accuracy) on 09 October 2015 to adjust the probing measurements relative to 187 the local topography. An additional dGPS profile was acquired on 19 February 2016 at an 188 adjacent plateau to provide more relative feature height information in the wetland complex. At 189 both the Browns Lake and Watson Lake locations, we measured the frozen ground thickness using the Kovacs Enterprise ice auger system powered by an 18V portable drill. At Browns 191 Lake, we also collected a core for visual analysis of the frozen ground deposit using a SIPRE 192 permafrost corer with an engine auger head. We calculated the excess ice fraction (EIF) for 193 three sites at the Browns Lake plateau for which we had detailed height, depth to permafrost 194 table, and permafrost base information following Lewkowicz et al. (2011) to enable comparison 195 of EIF with previously studied permafrost plateaus. 196 Implementation of GPR allowed us to image certain characteristics of the frozen ground 197 along the primary Browns Lake plateau feature. We used a shielded 100-MHz Mala antenna in 198 July 2014 and Sensors & Software 100-MHz unshielded bi-static antennas in common-offset 199 configuration in February 2016. We processed the data using commercially available Reflex-W 200 processing software (Sandmeier, 2008) . Basic processing steps included dewow, time-zero 201 correction, removing bad traces, and bandpass filtering 200-400 MHz for Sensors & Software). Additional processing steps included an average 203 background subtraction with a running window of 20 to 100 traces to reduce noise from surface 204 multiples, where applicable, and variable gain for viewing purposes. Care was taken during 205 processing to preserve any flat-lying reflectors. Finally, we corrected the radargrams using the 206 dGPS surface topography and converted two-way travel time to depth using an estimated 207 average subsurface velocity of 0.038 m ns -1 calibrated to average direct probe depths. Peninsula (Hopkins et al., 1955) . Arranged from north to south, these included portions of the 215 Mystery Creek, Watson Lake, Browns Lake, and Tustumena Lake wetland complexes ( Fig. 1) . 216 Mapping forested plateau features and their change over time is a common method for detection 217 of permafrost thaw in boreal wetlands. The land cover change associated with conversion of a 218 forested permafrost plateau to a lake or herbaceous wetland (i.e. bog or fen) is readily detectable 219 in high-resolution remotely sensed imagery (Thie, 1974; Camill and Clark, 1998; Osterkamp et 220 al., 2000; Jorgenson et al., 2001; Payette et al., 2004; Quinton et al., 2011; Lara et al., 2016) . 221 We overlaid a 25-km 2 square study area at each of the potential permafrost areas and (1:62,500 scale), and panchromatic high-resolution satellite images (< 1 m spatial resolution) 229 acquired in ca. 2010. The mean RMS error associated with image georegistration was 1.82 m 230 and ranged from 1.32 m to 2.61 m and all images were sampled to a ground resolution of 1 m. 231 Following image registration, we manually digitized forested plateaus in a Geographic 232 Information System (ArcGIS v. 10.1) at a mapping scale of 1:1,000 (Fig. 4) . The high-spatial 233 resolution, georegistered remotely sensed datasets allowed for the assessment of residual 234 permafrost plateau extent in four time slices (1950, 1984, 1996, ca. 2010) 
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We compiled climate and weather data from two regional stations to provide context for 239 interpreting the ground thermal regime data and changes mapped in the remotely sensed data. 240 We compiled hourly air temperature data from Kenai Municipal Airport (WBAN: 26523) for 241 1948 -1971 and 1973 Fig. 5a-5c ). Over this time period, the MAGT of permafrost at 1 m bgs ranged from -0.04 °C to 12 -0.08 °C (Table 1) . At the Browns Lake PF1 and the Watson Lake PF2 sites, permafrost at 2.0 m 258 bgs had a MAGT between -0.06 °C and -0.08 °C. At the Browns Lake PF1 site, permafrost at 259 3.0 m bgs had a MAGT between -0.07 °C and -0.08 °C (Table 1) . We detected no permafrost at 260 a black spruce forested, non-plateau site near Watson Lake between September 2012 and August 261 2014 ( Fig. 5d ). 262 During the three-year observation period, an increase in near-surface ground 263 temperatures was recorded at all three permafrost sites in response to increases in air temperature 264 (Table 1, Fig. 5 ). The ground temperature at 0.5 m depth was substantially below 0 °C at all 265 three sites during the 2012-2013 winter with minimum temperatures between -1.33 °C (Browns 266 Lake) and -2.5°C (Watson Lake PF2). In the 2013-2014 winter, the ground at 0.5 m depth was 267 barely frozen at the Browns Lake and Watson Lake PF1 sites ( Fig. 5a and 5b), with minimum 268 winter temperatures at -0.32 °C and -0.2 °C, respectively. The increase in summer ground 269 temperatures at 0.5 m depth was also substantial. By the end of the 2012 warm period, this 270 temperature was above 0 °C only at the Browns Lake site (the maximum was at 0.4 °C). At the 271 Watson Lake PF1 and PF2 sites the temperature at 0.5 m depth was just below 0 °C and never 272 exceeded the thawing threshold, indicating that the maximum summer thaw (the active layer 273 thickness) was just below 0.5 m during 2012. However, during the summer of 2013 and 2014, 274 the active layer thickness was more than 0.5 m at both of these sites and the maximum 275 temperatures in 2014 exceeded 1°C at the Watson Lake sites ( Fig. 5b and 5c ). At the Browns 276 Lake site the temperature at a 0.5 m reached almost 2 °C before the thermistor malfunction. The 277 ground temperature warming at 0.5 m depth continued in 2015 ( Fig. 5b and 5c ). 278 The increase in the shallow ground temperatures triggered warming in the near-surface 279 permafrost at all three permafrost sites (Fig. 6 ). This warming was strong enough to initiate top-down permafrost thaw at the Watson Lake PF1 site in the fall of 2014 ( Fig. 6b ). Sensor failure 281 during the winter of 2014/2015 prevented further observations of ground temperature at this site 282 following thaw that winter. At the Watson Lake PF2 site bottom up permafrost thaw was 283 detected during the fall of 2015 and likely associated with groundwater flow or degradation of 284 the permafrost in the thermokarst moat that borders the plateau. At the Browns Lake site 285 permafrost persisted at the depths between 1 and 3 m bgs over the three-year observation period 286 ( Fig. 6a ). However, MAGT warmed by 0.02 to 0.01 °C at all three depths during the observation 287 period. The temperature at 1 m bgs is only -0.04 °C now. The measurements of the depth to permafrost table were complemented with mechanical 301 drilling, coring, and GPR surveys in July 2014, September 2015, and February 2016 to constrain 302 permafrost thickness at the field observation sites. The most detailed measurements were collected at the Browns Lake PF1 plateau feature ( Fig. 7a ). At this site, we conducted a 304 topographic survey of the plateau feature to plot depth to permafrost table along with seasonally 305 frozen depth and constraints on permafrost thickness in relation to the relative ground surface 306 elevation along a 100 m transect (Fig. 7b ). The relative mean elevation of the plateau above the Watson Lake PF1, drilling efforts detected permafrost base between 1.30 and 1.50 meters bgs. 325 At the Watson Lake PF2 site, the permafrost base was between 1.96 and 2.04 m bgs. GPR surveys conducted in July 2014 and February 2016 provided more continuous 327 information on the geometry associated with the permafrost table in the residual plateaus on the 328 primary Browns Lake plateau feature (Fig. 8 ). The topography-corrected radargrams show a 329 prominent reflector between 1 -3 m depth that coincides with the permafrost table in both the 330 summer ( Fig. 8a) and winter ( Fig. 8b) Table 2 ). Between 1950 and 1984, 340 permafrost plateau extent decreased to 750 ha, at an average rate of 5.1 ha yr -1 (Table 3) . 341 Between 1984 and 1996, permafrost extent dropped to 520 ha, at an average rate of 18.8 ha yr -1 , 342 the greatest rate documented in our study periods. Between 1996 and 2010, permafrost features 343 continued to degrade at a rate of 9.5 ha yr -1 so that by 2010, only 370 ha of the permafrost 344 features remained. Thus, between 1950 and ca. 2010, 60% of the residual permafrost plateaus 345 disappeared in our mapped study areas ( Fig. 9 ). 346 Assessment of change in the four wetland complexes showed differences in the extent 347 and change rate of residual permafrost plateaus overtime. The Mystery Creek study area had the 348 most extensive permafrost plateau coverage (32.8 % of the wetland area analysed) in the 1950s relative to the Watson Lake (9.8 %), Browns Lake (11.1 %), and Tustumena Lake (15.8 %) study 350 areas (Table 2) . By ca. 2010, permafrost plateau extent in each of the study areas diminished to 351 a cover of 14.8 %, 3.5 %, 3.8 %, and 5.2 %, respectively. Thus, there was a loss of 54.8 % of the 352 plateau extent in the Mystery Creek study area, 64.7 % in the Watson Lake study area, 65.5 % in 353 the Browns Lake study area, and 66.9 % in the Tustumena Lake study area between 1950 and ca. 354 2010. These changes equate to loss rates of 0.9 % yr -1 for Mystery Creek and 1.1 % yr -1 for the 355 Watson, Browns, and Tustumena Lake study areas (Table 3) Watson Lake (1.6 ha yr -1 ), and Browns Lake (1.3 ha yr -1 ) experienced the greatest areal loss rate 364 during the 1984 to 1996 time period. At the Tustumena Lake study area, the greatest rate of 365 plateau extent loss (4.6 ha yr -1 ) occurred between 1996 and ca. 2010 (Table 3) . 366 We also assessed whether the permafrost degradation occurred along the perimeter of the relative to the previous climate normal period, with more warming in the winter than the summer 398 months (Table 1) . Additionally, between 1948 and 2015, warm season (May-Sept) air 399 temperatures increased by 0.02 °C yr -1 for both the Kenai and MRC station, while winter season 400 (Oct-April) air temperature increased by 0.04 °C yr -1 (Table 4) . frozen peat that appears to be ice-rich, with a number of ice bands, ice lenses, and ice inclusions. (Table 4 ). During our three-year observation period as well as since the 475 1950s, warming in the winter has been more pronounced than in the summer (Table 1 and temperature warming during the winter months has decreased the number of freezing degree 479 days which means that the ground freezes to a much lesser degree in the winter (Fig. 2, Table 1 ). 480 Therefore ground temperatures decreased less over the winter period (Table 1 and to enhanced permafrost thaw in boreal peatlands (Camill, 2005; Osterkamp, 2007) . Since the 484 Kenai Peninsula lowlands experience a semi-continental climate due to the rain shadow 485 produced by the Kenai Mountains, a lack of winter snow fall may have contributed to permafrost 486 persistence in this region by allowing relatively cold winter air temperatures to propagate into the sub-surface. Thus, talik formation and permafrost degradation at our study sites in southcentral 488 Alaska are likely being driven for the most part by winter fire 489 air temperature warning (Fig. 2) . 490 The increase in permafrost loss rate in southcentral Alaska following the 1980s is likely 491 due to the combined effects of forest fires and a shift in the PDO after 1976. The respective 492 pulse and press disturbances may have promoted large areas of permafrost already close to 493 thawing, to quickly thaw, leaving only colder permafrost and permafrost with intact peat and 494 forest cover. Fire can be an important driver of permafrost thaw (Yoshikawa et al., 2002) and 495 thermokarst development (Jones et al., 2015) . The Kenai Fire of 1947 burned the majority of the 496 Mystery Creek study area, all of the Watson Lake study area, and the majority of the Browns 497 Lake study area. We saw evidence of this fire at numerous sites within the Watson Lake and 498 Browns Lake study areas. Watson Lake and Browns Lake subsequently had the two greatest loss 499 rates between 1950 and 1984 and may be related to the 1947 fire. However, the presence of 500 black spruce burn poles were not found on all permafrost plateaus visited indicating that the 501 burning was likely relatively patchy in the wetlands. At Browns Lake, permafrost islands that 502 did not burn in 1947 exhibited less degradation, had thicker permafrost, denser tree cover, and 503 larger trees than the islands that burned. Large portions of the Tustumena Lake study area Maximum (Zoltai, 1972; Kaufman et al., 2004) . As the regional climate became cooler and 539 wetter, between 8,000 and 5,000 years ago, Sphagnum accumulation and preservation on the 540 western Kenai Peninsula lowlands may have promoted more widespread permafrost aggradation 541 (Jones et al., 2009) . Following this period, the peatlands may have progressively froze, heaving 542 the permafrost plateaus above the water table, drying the peat-rich soils, promoting growth of 543 black spruce, and creating a buffer layer protecting the underlying permafrost (ecosystem-544 protected) from the unfavourable climate for permafrost that currently exists today (Zoltai, 1972 (Zoltai, , 545 1995 Payette et al., 2004; Camill, 2005) . Growth of permafrost and heaving the peatland (Gracz, 2011). 570 In our study, we document and incorporate the loss of ecosystem-protected permafrost in 571 the overall understanding of landscape dynamics on the western Kenai Peninsula lowlands. The 572 degradation of permafrost can impact terrestrial and aquatic ecosystems, hydrology, 573 infrastructure, and carbon cycling on the Kenai Peninsula (Schuur et al., 2008; Grosse et al., 574 2011; Jorgenson et al., 2013; Kokelj et al., 2015; Vonk et al., 2015) . Permafrost degradation 575 within the wetlands is responsible for a shift from black spruce forest plateaus to fen and bog 576 wetland ecosystems at a mean rate of 9.2 ha yr -1 since the 1950s in the four change detection study areas. Permafrost plateaus redirect surface and near-surface drainage in boreal wetlands 578 (Quinton et al., 2011) , and the thaw subsidence of these features increases drainage network 579 connectivity (Beilman and Robinson, 2003) Process., n/a-n/a, doi:10.1002/ppp.1862, 2015. 818 Schuur, E. A. G., Bockheim, J., Canadell, J. G., Euskirchen, E., Field, C. B., Goryachkin, S. V., 819 Hagemann, S., Kuhry, P., Lafleur, P. M., Lee, H., Mazhitova, G., Nelson, F. E., Rinke, A., 820 Romanovsky, V. E., Shiklomanov, N., Tarnocai, C., Venevsky, S., Vogel, J. G. and Zimov, Glob. Change Biol., 13(9), 1922 Biol., 13(9), -1934 Biol., 13(9), , doi:10.1111 Biol., 13(9), /j.1365 Biol., 13(9), -2486 Biol., 13(9), .2007 Biol., 13(9), .01381.x, 2007 2010, 1950 and 1984, 1984 and 1996, and 1996 and ca. 2010 Background imagery is the 1996 orthophotography.
